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Porous potassium-promoted iron oxide, with the potassium content of 8 wt% can produce dense
hydrogen materials as a catalyst. In this letter, we use density functional theory (DFT) and the generalized
gradient approximation (GGA) to study this catalyst. Rhombohedral a-Fe2O3 is used to build a porous
model. We randomly put potassium atoms in the clean porous structure and iron-vacant defective
structure. The results show that potassium atoms eventually exist in the form of clusters in the two
samples. To further study the effect of potassium, clean and two K-promoted models are ﬁlled with the
same quantity of H2. We obtain that the existence of potassium clusters prevents hydrogen molecules to
dissociate into atoms in non-defective porous iron oxide. Most of the hydrogen atoms still exist in the
form of hydrogen molecules in three models. The structures of potassium clusters for 2  N  8 in the
porous model are also discussed, in contrast to the isolated clusters.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Alkali metal compounds play an important role in surface
chemistry and are widely used in heterogeneous catalysis as pro-
moters. Potassium is the most commonly added to industrial cat-
alysts, such as ammonia synthesis [1], Fischer-Tropsch hydrocarbon
synthesis, water gas shift reaction or styrene production [2]. And
potassium as the promotion is one of the critical aspects for
reaching a good catalytic performance of iron catalysts, increasing
activity and selectivity in the catalyzed chemical reactions.
The potassium-promoted iron oxide with certain additives,
especially K at about 8 wt%, is the primary catalyst for dehydro-
genating ethylbenzene to styrene. Employing this catalyst, Leif
Holmlid et al. produced Rydberg matter (RM). RM is a condensed,
electronically excited phase that is formed from hydrogen atoms
and molecules in circular high Rydberg states [3] at several hun-
dred degrees Celsius and low pressure in the experiment [4,5]. The
Rydberg state hydrogen is almost a factor of ten more dense than
the diatomic hydrogen ice at normal pressure [6]. Besides that, this
material is not a gas but liquid or solid, may be stable at room
temperature [5]. It is convenient to store and transport this fuel
without heavy and unsafe gas cylinders. Therefore this kind ofce and Technology, Sichuan
hengdu 610065, China.
).
B.V. This is an open access article uhydrogen is of great interest both as a fuel with the highest energy
content of any fuel (except nuclear fuel), and as a target material for
laser initiated inertial conﬁnement fusion (ICF) [6]. Recent studies
show the ultra-dense deuterium, with its density of the order of
1029 cm3 (140 kg cm3), is useful as target material for inertial
conﬁnement fusion (ICF) without ignition [7], and expected to be
both superﬂuid [8] and superconductive [9] at room temperature.
Thus it is signiﬁcant to research the K-promoted porous iron
oxide, with potassium content at about 8 wt%. We ﬁrst use bulk a-
Fe2O3 to carve a pore, using density functional theory (DFT) to
simulate the porous iron oxide. Potassium atoms are separately
placed on the surfaces of the clean and iron-vacant porous models
to produce 8 wt% K-doped iron oxide. To further investigate clean
and K-promoted samples, the same quantity of hydrogenmolecules
is put into the pores of three models. We study the effect of doped
potassium and the interaction among the potassium, porous iron
oxide and hydrogen. The research shows K cluster forms in the
porous model, and we further study the structures and characters
of K clusters.
2. Computational methods
In our study, all calculations were carried out by using DFT
theory in the Cambridge Serial Total Energy Package（CASTEP）
plane-wave pseudopotential code [10], within GGA (Generalized
Gradient Approximation) [11] with the exchange-correlation
functional of Perdew, Burke and Ernzerhof (PBE). We chose thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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calculations. To deﬁne geometry relaxation convergence we
required that the force acting on relaxing atoms be smaller than
0.1 eV/Å, and that neighboring geometry steps produced energy
differences smaller than 0.05 meV/atom. The convergence criterion
for self-consistent electronic iterations was 105 eV. Since hematite
was semiconductors with band gaps of ~2.0 eV [12], we used a
Gaussian distribution function for smearing of electronic occupa-
tion, with a small smearing width of 0.1 eV, neglecting effects on
the electronic structures. The lattice parameters and the atomic
coordinates were relaxed using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) method [13].
Among the iron oxide, corundum-type a-Fe2O3 (hematite) is theFig. 1. Planar, stereo and side views of the periodic a-Fe2O3 (red, O atom; blue, Fe atom) p
structure; (b), (d) and (f) display relaxed crystalline structure.most common on earth. At ambient conditions, it crystallizes in the
rhombohedral corundum structure [14]. A periodic iron oxide
supercell, containing 120 atoms, was constructed by replicating the
a-Fe2O3 crystalline unit cell twice in the x and y directions. To carve
a pore, we removed the iron atoms and oxygen atoms which were
in complete chemical composition of a-Fe2O3. This method ensured
that there was no net electrical charge in the atomistic simulation
box. Several researches of hydrogen storage have shown that a pore
size ~1 nm could be ideal in 3D carbon nanoporous materials
[15e17]. The nanoporous a-Fe2O3 of pores size around 1 nm had
been synthetised in the experiments [18,19]. Hence a pore with its
size about 1 nm was designed in the center of the supercell. We
fully relaxed this structure, with lattice constants not ﬁxed. Duringorous structure with the pore size~1 nm. (a), (c) and (e) display unrelaxed crystalline
Table 1
Lattice parameters and bond lengths (in Å) of the unrelaxed and relaxed models.
a (b) c Fe1eFe2 Fe3eFe4 Fe2eFe5 Fe4eFe6 Fe1eO1 Fe1eO2
Unrelaxed model 10.070 13.720 2.881 2.881 3.979 3.979 2.087 2.087
Relaxed model 10.056 (10.111) 10.399 (10.321) 2.365 (2.366) 2.885 (2.663) 2.835 (2.796) 2.315 (2.499) 1.863 (1.854) 1.772 (1.773)
Fe1eO3 Fe1eO4 Fe2eO1 Fe2eO2 Fe2eO3 Fe3eO4 Fe4eO1 Fe4eO4
Unrelaxed model 2.087 1.960 2.087 2.087 2.087 2.087 1.960 2.087
Relaxed model 1.985 (1.997) 1.866 (1.864) 1.985 (1.997) 1.772 (1.772) 1.863 (1.854) 1.763 (1.764) 1.757 (1.757) 3.220 (3.084)
Fig. 2. Optimized structural model (red, O atom; blue, Fe atom; purple, K atom) with 8 wt% potassium doped. (a) The clean model involving K randomly put on the surface of the
pore. (b) The defective model involving an Fe-vacancy.
Table 2
The KeK bonds length in the K-promoted hematite models.
The clean model The defective model
Bond Length (Å) Bond Length (Å)
K1eK2 1.065 K1eK2 1.082
K1eK3 1.045 K1eK3 1.082
K1eK4 1.095 K2eK3 1.082
K2eK3 1.095 e e
K2eK4 1.045 e e
K3eK4 1.065 e e
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the frameworks.
Several experiments were aimed at elucidating the structural
composition of potassium-promoted iron oxide and the role of po-
tassium in the real catalysts [20e24]. But there was little theoretical
research on porous potassium-promoted iron oxide. Therefore, (1)
we considered several possible K-adsorbed sites in porous hematite
[25,26]; (2) a potassium atom is used to substitute for an iron atom,
with two more potassium atoms occupying interstitial sites to bal-
ance [27e29]; (3) substitution of potassium atom on the iron atom
site balanced by O2 vacancy was also considered [27]; (4) we
randomly put potassium atoms on the surface of the clean porous
structure in the proportion of about 8 wt%; (5) potassium atoms
were placed on the surface of the Fe-vacant porous model in the
same proportion, with K atoms closer to the Fe vacancy which was
created by removing an iron atom from the porous structure. Since
substitution may occur on every iron ion sites, it was necessary to
take several different positions into account. Then all atoms were
relaxed and lattice constants were not ﬁxed. During the calculations,
there was no symmetry restrictions performed on the frameworks.
Finally, we changed the number of potassium atoms in the non-
defective porous iron oxide to research the structures and charac-
ters of potassium clusters, in comparison with the isolated clusters.3. Results and discussion
3.1. The structure of porous a-Fe2O3
In our model, there remain 50 atoms in the originally periodic
crystalline supercell (120 atoms), with a pore size ~1 nm. We
respectively exhibit unrelaxed structures in Fig.1 (a), (c) and (e) and
relaxed in Fig. 1(b), (d) and (f). The lattice parameters and bond
lengths of these geometries are shown in Table 1. From Fig. 1(b), our
optimized porous structure is hexagonal symmetry and the pore
size measures about 10.056 Å. To carve the pore, we built a
supercell by repeating hematite crystalline unit cell twice in the x
and y directions. As is depicted in Table 1, without geometry opti-
mization, the lattice parameters a and b of the porous model are
double these of the a-Fe2O3 crystalline unit cell. After relaxed, the
lattice parameter c obviously decreases, with a and b hardly
changing. We also replicate the porous structure in the z direction
to verify the above result and list in brackets of Table 1. From Table 1
and Fig. 1, all the distances between two Fe ions and Fe and O ions
are different with the unrelaxed porous model. The bond lengths of
Fe1eFe2 and Fe2eFe5 separately decrease to 2.365 Å and 2.835 Å.
Although the bond length of Fe3eFe4 is not evidently variable, the
distance between Fe4 and Fe6 dramatically diminishes. The
decrease of distance between two Fe ions accounts for the reason of
the diminution of lattice parameter c. We can also gain that the
bond distances between Fe1 (or Fe2) and O1, O2 and O3 are not
equal to each other after optimized. The bond length of FeeO
changes shorter compared with the unrelaxed structure, except for
Fe4 and O4. It is obvious that there is not a chemical bond between
Fe4 and O4. Fe3 and Fe4 respectively bond with three O, with the
nearly same bond length.
In a word, the results show that some deformations of this kind
of porous structure are predicted by DFT geometry optimization.
More importantly, it is proved that this nanoporous structure can
be produced in theory. In practical application, this porous
Fig. 3. The results for three kinds of the relaxed porous samples (red, O atom; blue, Fe atom; purple, K atom; white, H atom), with 20 hydrogen gas molecules. (a) clean porous iron
oxide shown ﬁlled with H2, (b) the non-defective K-promoted model ﬁlled with H2, (c) the defective K-promoted model ﬁlled with H2.
Table 3
Bader atomic charge transferred (Charge) of all H bonding with O and Fe in three











H 0.66 H 0.64 H 0.60
H 0.59 H 0.60 H 0.62
H 0.62 H 0.12 H 0.64
H 0.62 H 0.15 H 0.62
H 0.54 e e H 0.15
H 0.64 e e H 0.13
H 0.67 e e e e
H 0.25 e e e e
H 0.06 e e e e
H 0.24 e e e e
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enhancing the catalytic activity.3.2. The structure of K-promoted porous a-Fe2O3
The study shows almost all potassium atoms have nearest dis-
tances between K atoms and O atoms in 2.58e3.10 Å on all K-
adsorbed sites [30]. We ﬁnd out that potassium atoms substituted
for iron atom on any sites, with the nearest distance between O and
K 2.43e2.74 Å. On above substituted sites potassium atoms are
placed to produce 8 wt% K-promoted porous a-Fe2O3. The result
indicates substitution for Fe leads to serious deformation of the
structure. We do not continue to study them. K Rydberg states tend
to form clusters. Whenwe randomly put potassium atoms in pores
of non-defective and Fe-vacant porous structures, potassium atoms
may gather to form clusters. So in this letter only two methods areemployed to simulate potassium promoted porous mode. One
method is that we randomly put potassium atoms on the surface of
the clean porous structure. Another is that potassium atoms are
placed on the surface of the Fe-vacant porous model, with K atoms
closer to the Fe vacancy.
With the aim of the proportion 8 wt% potassium doped in
porous iron oxide, we ﬁgure out that a unit cell contains four po-
tassium atoms in the clean porous iron oxide and three potassium
atoms in the Fe vacant model. After optimization, the two model
structures are shown in Fig. 2. It can be seen that potassium atoms
ultimately form clusters, with the atoms distances listed in Table 2.
The least distance between K and O measures 3.23 Å in non-
defective model. These results show that potassium atoms bond
with each other more easily. And it also proves that clean porous
structure is very stable. In these samples the hexagonal symmetry
of porous structure is destroyed, but the shape of pores does not
obviously change, and the size of pores is slightly enlarged. From
Fig. 2, it can be seen the sizes of K clusters are very small.
3.3. The effect of potassium clusters on H2 dissociation
To further understand the effect of potassium on this porous
material, we ﬁll clean and two K-promoted models with the same
amount of 20 hydrogen molecules. Fig. 3 depicts the results for
three kinds of the relaxed porous samples, i.e., clean porous iron
oxide model shown in Fig. 3 (a), the non-defective K-promoted
model shown in Fig. 3 (b), the defective K-promoted model shown
in Fig. 3 (c). The results show that the majority of hydrogen still
exists in the form of hydrogen gas molecules in the three different
samples. A few decompose into with hydrogen atoms. Several
hydrogen atoms bond with oxygen atoms, with bond length
0.98e1.03 Å. And residual hydrogen atoms bondwith iron ions. And
HeFe bond length is about 1.6 Å. We list the Bader atomic charge
Table 4
Comparison of Average Interatomic Distance <R> (in Å) for the isolated KN and that
conﬁned in nanopore for 2  N  8.
KN The isolated clusters<R> (ref) Clusters in nanopore<R>
K2 4.22 (ref [34]) 1.113
3.94 (ref [35])
7.38 (ref [37])
K3 4.92 (ref [34]) 1.080
7.60 (ref [37])
K4 4.29 (ref [34]) 1.068
4.34 (ref [35])
K5 5.00 (ref [34]) 1.060
8.07 (ref [37])
K6_0 4.58 (ref [34]) 1.054
4.34 (ref [35])
K6_1 7.58 (ref [37]) 1.040
K7 4.55 (ref [34]) 1.042
K8 4.44 (ref [35]) 1.031
Fig. 4. A top view of the structures of the
Fig. 5. Partial density of states (PDOSs) of KN (N ¼ 3 an
L.-L. Wang et al. / Computational Condensed Matter 3 (2015) 46e5250transferred of all hydrogen atoms bonding with oxygen and iron
ions in three models in Table 3. It demonstrates that there are
obviously electrons transferring from H to O and Fe to H, which
proves a few hydrogen atoms bonding with iron and oxygen ions.
According to the dissociated number of H2, we know the clean
porous iron oxide is most beneﬁcial to the dissociation of hydrogen
molecules, but the non-defective K-promoted structure goes
against that. It indicates the existence of K clusters restrains the
dissociation of hydrogen molecules, which is probable because of
the strong metallic character of potassium clusters. In the defective
sample the dissociated quantity is larger than that of the non-
defective, but smaller than that of the clean iron oxide. This
result is possibly caused by the defect formed on the surface of
hematite. Pineau et al. researched the kinetics of reduction of irons
oxides by H2, showing the presence of chemical reaction between
hematite and H2, with a certain activation energy [31e33]. At low
temperature, the evolution of activation energy showed an
apparent increase. Our study indicates most of the hydrogen atoms
form hydrogen molecules, which is probable resulted from the veryKN clusters in the porous hematite.
d 5) clusters and oxygen atoms of porous hematite.
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In the experiment, the possible reaction mechanism of H(RM)
clusters formation is H2 / 2[H]s [(H2)*N] þ m
[H]s / [(H2)*NH*m] / $$$ / H(RM) þ H2(RM)
H(RM,n > 1)/ H(l,n ¼ 1) [5]. The desorbing K Rydberg atoms (or
clusters) from the hematite surface collide with H2 gas molecules,
with transfer of electronic excitation energy from the K Rydberg
states. Then H2 Rydberg states possibly form [4]. In our present
model, we only study the ground state in 0 K. And the dissociation
of hydrogen gas molecules can occur in three samples, without the
hydrogen Rydberg Matter clusters form. In future, we will do mo-
lecular dynamics to simulate the condition of the experiments, in
order to observe whether the hydrogen Rydberg Matter clusters
can form.
3.4. KN for 2  N  8 clusters in porous hematite
In the non-defective K-promoted model, potassium atoms are
randomly put on the clean surface of pores, ultimately forming K
clusters. Then we increase and decrease the number of K atoms, to
research the structures of KN for 2  N  8. We tabulate the cor-
responding average interatomic distances of the isolated KN and K
clusters in the porous iron oxide in Table 4. The structures of
clusters in nanopore are shown in Fig. 4. From Table 4, it is obvious
that the average atomic distances of potassium clusters in the
nanopore are shorter than that of the isolated clusters. Dense K
cluster is produced in this porous iron oxide.
In the Fig. 4, the triangular structure for K3 is found to possess
three equal sides, with D3h symmetry, which agrees with the
symmetry of the isolated structure [37,38]. For K4 we obtained a
tetrahedral structure of four same surfaces, with three different
sides per surface. The lengths of three sides are 1.045 Å,1.065 Å and
1.095 Å, respectively. There is the character of D3h symmetry in the
triangular bipyramid structure for K5, with a ¼ 1.064 Å and b being
1.051 Å (see Fig. 4). Our result for the structural symmetry of K5 is in
accord with that obtained by Richtsmeier et al. [37] and Florez et al.
[38]. For K6, we gain two geometries, one of which is regular oc-
tahedron, with the length of K6_1 sides 1.040 Å. Oh symmetry of its
structure, was also predicted by Richtsmeier et al. [37] for the
isolated K clusters'. K7 is predicted to have pentagonal bipyramid
structure with D5h symmetry in agreement with the structural
symmetry of the isolated [36,38]. For K7, the length a and b (see
Fig. 4) are found to be a ¼ 1.041 Å and b ¼ 1.045 Å. In a word, the
structural symmetry of K clusters in porous iron oxide is keeping
with the isolated', except for K4, K6_0 and K8.
In addition, we discover that all the clusters carry with positive
charges. To further present the interaction between clusters and
pores, we made an investigation to the partial density of states
(PDOSs) of the potassium and oxygen atoms per porous structure.
The PDOSs of KN (N ¼ 3 and 5) and oxygen atoms are shown in
Fig. 5. It is obvious that the O 2s orbital and K 4s, 3s and 3p orbitals
are overlapped between 17 and 22 eV, validating the charge
transfer from K to O atoms. The lower energy levels of K clusters
mainly originate from K 3p orbit, minority contributed by K 3s and
4s orbits, which illustrates the existence of strong chemical bonds
between K atoms.
4. Conclusions
We employ a a-Fe2O3 supercell to produce the nanporous iron
oxide, with its pore size ~1 nm. Several possible positions are
considered for K doped in porous model. And it is discovered that
potassium atoms may form clusters. The K clusters suppress H2 to
dissociate. Thus, most of hydrogen atoms exist in the form of
hydrogenmolecules. In this letter, we only study the ground state ofthe interaction between hydrogen molecules and K-promoted iron
oxide under 0 K, with the potassium and hydrogen Rydberg states
not formed. In addition, we study KN cluster for 2 N 8 in porous
structure. The research manifests the structures of this kind of K
clusters are extremely smaller than the isolated K cluster'. But the
structural symmetry of some potassium clusters in porous model is
consistent with that of the isolated. We obtain these dense potas-
sium clusters theoretically for the ﬁrst time, which may improve
various chemical processes, including catalysis.
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